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POLYIMIDE/]NORGANIC COMPOSITE - INTERPENETRATING POLYMER
NETWORK FOR STABLE SECOND-ORDER NONLINEAR OPTICS

SUTIYAO MARTURUNKAKUL, JENG-I CHEN*, LIAN LI XIN LI JIANG**, RU
JONG JENG, JAYANT KUMAR*, AND SUKANT K. TRIPATHY*
Center for Advanced Materials, Departments of Chemistry* and Physics", University of
Massachusetts Lowell, Lowell, MA 01854, USA

ABSTRACT

A new class of IPN system has been prepared and investigated. This IPN system combines

the polybismaleinimide network and the NLO-active phenoxysilicon network. The second-

order NLO coefficients, d33, values of the samples range from 2.5 to 6.7 pm/nV depending on

the composition and the processing conditions. The temporal stability of the second-order

nonlinearities for these samples at 110 0C varies from 47 to 88 % retention after 274 h.

INTRODUCTION

There has been tremendous interest in the development of second-order nonlinear optical
(NLO) polymeric materials for photonics applications [1]. A number of NLO polymers have

been developed to exhibit large second-order NLO coefficients, d33, comparable to those of the

inorganic NLO materials which are currently in use in devices [2]. However, the major

drawback of NLO polymers that prevents them from being employed in device applications is

the decay of their electric field induced second-order optical nonlinearities. This decay is caused

by the relaxation of the NLO chromophores from the induced acentric alignment to a random

fashion. Numerous efforts have been made to minimize this decay through different approaches
[3]. The search for a better material is still underway in order to make practical use of NLO

polymers possible.
Recently, we have introduced a new approach using a concept of an interpenetrating

polymer network (IPN) to prepare a second-order NLO polymer [4]. This IPN system, with
the hybrid properties of a high glass transition temperature (TS), an extensively cross-linked
network, and permanent entanglements, exhibited excellent temporal stability at elevated

temperatures. Since TS is associated with the main-chain mobility, an increase of Tg results in

enhanced tempral stability (5]. Polyimides have been used as high Tg matrices to enhance the

stability in several guest/host systems (5a, 6]. Thus, the introduction of a cross-linkable high

Ts polyimide into an IPN structure is expected to further advance the Tg of the system and boost

the stability of the nonlinearity of the IPN.
In this paper, we report an investigation of a new NLO-active IPN system combining a

thermoset polyimide and an NLO-active inorganic network. The polyimide network based on

bismaleimide is formed by an addition polymerization process. The NLO-active inorganic

k- • •1



network which is a phenoxysilicon polymer [71 is formed by sequential hydrolysis and

condensation reactions via a sol-gel process. The formation of both networks are controlled to
proceed simultaneously. The preparation of the IPN, the characterization of the thermal and

optical properties, and the temporal stability of the optical nonlinearity are discussed.

EXPERIMENTAL

Mada&

The NLO-active phenoxysilicon network is composed of an alkoxysilane dye (ASD-D03)

based on (3-glycidoxypropyl)trimethoxysilane and 4(4'-nitrophenylazo)aniline and the
multifunctional phenoxyl molecule, 1,1, 1-tris(4-hydroxyphenyl)ethane (THPE; Aldrich; Figure

1). The synthesis of the ASD-D03 is described elsewhere (8]. The polyimide network is
prepared from 2,2-bis[4-(4-maleimido phenoxy)phenyl]propane monomer (Skybond 3030;
Monsanto Chemical Co.; Figure 1). The monomer was used as received.

0 0
HC- CH3  /6-CH

HC-C/ -/,- \_
&3

(a) Bismaleimide (Skybond 3030)
OH

OH

Ic I

N CH.- CH- CH,- 0 -(CHz) 3- Si' (OCH HO-0 CCH3

RH= -a -(N=N.1} HNOH
OH

(b) ASD (c) THPE

Figure 1. Chemical structures of (a) Bismaleimide, (b) ASD-DO3, and (c) THPE.

&anle pmmraion

To prepare thin film samples, 0.1 g of ASD-D03 and 0.07 g of THPE (molar ratio -

1.0:1.1) was dissolved in 1 mL of dimethylformamide (DMF) containing 24 mg of water and

24 mg of NN-dimethybenzylamine. The presence of water and base catalyst is to aid in the

hydrolysis of the alkoxysilane. The solution was stirred for 4 h at room temperature. A second

solution was prepared by adding 0.17 g of Skybond 3030 with 1% by weight of 2-ethyl-4-

methylimidazole in 1 mL of DMF. This solution was stirred for 30 min in a 95 °C oil bath to

form prepolymer prior to curing. The number average molecular weight of the prepolymer was

determined to be 5400 g/mole by gel permeation chromatography using polystyrenes standards.
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Both solutions were mixed together and the resulting solution contained a weight ratio of 1: 1

bismaleimide to ASD-DO3ITHPE. Two other solutions were prepared in a similar manner with

weight ratios of 0:1 and 1:2 bismaleimicle to ASD-DO3/THPE. The solutions were filtered

through 0.2 pm membranes before they were spin-coated onto transparent microscope slides at

a spinning rate of 800 rpm to form optical quality thin films. They were also spin-coated on

fully frosted microscope slides and KBr plates for the ellipsometric and FTIR measurements,

respectively.

The corona poling technique [9] was employed to align the NLO chromophores. The

corona field was applied as the temperature was raised to 80 *C. The temperature was then

increased to 220 *C with the corona field on. The corona current was maintained at 2 pA with a

potential of 4 kV while the poling temperature was kept at 220 °C for 60 min. The formation of

the networks and the molecular alignment for the poled order proceeded simultaneously during

this period. The sample was then cooled down slowly to room temperature before the corona

field was turned off. In the case of 1:1 composition, the sample was also cured at 240 °C for

the sake of comparison. The sample compositions and the processing temperatures are

illustrated in Table 1. The second-order NLO properties of the poled IPN samples were

measured by second harmonic (SH) generation from 1.064 pm laser radiation. The relaxation

behavior of the second-order NLO properties was studied by monitoring the decay of the SH

intensity as a function of time at 110 °C after poling and curing.

Table 1. Sample compositions and processing conditions.

Sample ID wei Processing Condition
Bismaleimide ASIDVTHPE

A - I I h @N240M
B I I Ih@220DC
C 1 2 @ 220 0C

DT7 0 1h @ 220DC
t Phemoxysilicon polymer

RESULT AND DISCUSSION

Figure 2 shows the IR spectra for sample B before and after curing. The formation of the

polybismaleinimide network through a free radical addition reaction is confirmed by the

reduction of C=C absorption at 1662 cm-1, and the reduction of 691 curI band that corresponds

to cis C-H wagging frequency ( 10]. The formation of the phenoxysilicon network via a sol-gel

process is suggested by the decrease of hydroxyl absorption peak (3387 cm-1), and the

emergence of a new peak at 937 cm"1 which corresponds to the phenoxysilicon absorption [101.

The crosslinking reactions can also be observed from the IR spectra for other samples before

and after curing.
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Figure 2. IR spectrm for the IPN sample B: (top) pristine, (bottom) cured I h at 220 *C.

The TS of the polybismaleinimide is reported to be higher than 300 *C when the initial

curing is done at 260 *C and post curing at 315 0C [ Il]. The Tgs of all samples in this study,

however, could not be observed from the DSC scans despite several attempts at both the

scanning rates of 10 and 20 °C/min. This could be a result of suppression of the Tg by

extensive cross-links in the IPN. The poled and cured samples exhibit excellent optical quality.

No phase separation was observed under the optical microscope. Further investigations on the

phase behavior using transmission electron microscopy and the optical loss measurements of

these samples are underway.

The optical properties of the poled and cured samples are summarized in Table 2. The

lower d33 values of sample A compared with that of sample B are caused by a lower order

parameter for the chromophores in the former. The high poling temperature can cause large

thermal fluctuation OMT) and ionic conductivity which can fight against the aligning torque of the

poling field (12]. The d33 values of samples increase from samples B to D, respectively. This

is expected as the NLO chromop conn ions creased accordingly.

Table 2. Optical properties of the poled and cured samples.

Sample ID Refractive indices d33 (pmNV)T % d33 retentionTi
S...,at o332 ig• atl. um

A1.6m 1.578 2.5, 74 ,
B 1.657 1.611 3.2 47

C ..... 1,603 ' 1.578 6.7 88 . .

ap .... . 1.744 " 1.635 7.6 71

a .6 mf vahms wer corrected for doe abmarpuon
tt after dumalveamew at llOC for 274 h.
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The temporal stability of the samples at 110 *C is illustrated in Figure 3. The dramatic
superiority in the stability of sample A compared to of sample B is due to the higher processing
temperature of the former. This results in a more extensive cross-linked network in sample A
relative to sample B. The superior stability of the IPN sample C than that of the single

component phenoxysilicon polymer (sample D) suggests that the IPN architecture plays an

important role in the enhancement of the stability for the NLO properties. It is interesting to

observe that the temporal stability is also affected by the compositions of the IPN samples as

compared between samples B and C. The temporal stability decreases when the portion of the

bismaleimide in the IPN structures is increased in sample B. Since the decay of the nonlinearity

results from the relaxation of poled NLO chromophores, it is suggested that the chain mobility
and local free volume may have varied as the samples were prepared in different compositions.

For example, with a limited extent of reaction at 220 °C [13], the remaining unreacted maleimide

rings at the polymer chain ends could have created a large free volume allowing the dipolar

relaxation to occur. The physical properties of these composites varied with their chemical

compositions leading to a change in the decay behavior of the poled order.

1.0

0.8

0.6 TT o A

"* T B

TL.1 tT TTB
0.4 $ C

* D

0.2.
0 100 200 300 400 500

Time (hours)

Figure 3. The temporal stability of the samples subjected to thermal treatment at 110 OC.

CONCLUSION

A new class of NLO-active IPN based on the polybismaleinimide and phenoxysilicon

networks was prepared. It was found that the temporal stability was enhanced as the processing

temperatures increased from 220 to 240 0C. The temporal stability of the samples was affected
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by the molecular compositions. Further improvements can be achieved by the incorporation of
NLO chromophores in the polyimide network, and the optimization of the compositions as well
as the processing conditions.
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